Martentoxin, a novel K + -channel-specific peptide has been purified and characterized from the venom of the East-Asian scorpion (Buthus martensi Karsch). The whole cDNA precursor sequence suggested that martentoxin was composed of 37 residues with a unique sequence compared with other scorpion neurotoxins. The genomic DNA of martentoxin showed an additional intron situated unexpectedly in the 5¢ UTR region, besides one located close to the C-terminal of the signal peptide. The patch-clamp recording found that martentoxin at the applied dose of 100 nM could strongly block large-conductance Ca
2+
-activated K + (BKCa) currents in adrenal medulla chromaffin cells, and BKCa currents blocked by martentoxin could be fully recovered within 30 seconds after washing, which is at least 10 times faster than recovery after charybdotoxin. Meanwhile, a biosensor binding assay showed a fast association rate and a slow dissociation rate of martentoxin binding on rat brain synaptosomes. The binding of martentoxin on rat brain synaptosomes could be inhibited regularly by charybdotoxin, and gradually by toosendanin in a concentration-dependent manner, but not by either apamin or P03 from Buthus martensi. Potassium ion channels are found playing crucial physiological roles in almost all types of cells in all organisms (Miller 2000) . It is not yet well understood how these channels work in neurons. One approach for studying their functional mechanism is to examine the effects of K + -channel blockers. Various chemical ligands have been employed during this research. Among them, a large collection of scorpion neurotoxins have been isolated and identified.
Numerous studies have demonstrated the presence of polypeptidyl toxins that specifically interfere with various ionic channels and alter their functional properties (MartinEauclaire and Couraud 1995; Chuang et al. 1998) . The bestknown short-chain peptides (28-42 amino acids) with three or four disulphide bridges have been illustrated to be K + -channel-specific blockers (Garcia et al. 1991; Miller 1995; Tytgat et al. 1999) . The interaction between these blockers and the pores of K + channels has been exploited to gain insights into the structure and function of K + channels. Therefore, the high diversity of K + channels has stimulated intensive investigations of scorpion venom with the goal of discovering highly selective toxins. Meanwhile, the classification of K + -channel blockers has become increasingly complex for their specificity toward corresponding subtypes of K + channels and structural properties as follows:
(i) toxins active on large-conductance Ca 2+ -activated K + (BKCa) channels and/or Kv1.3 (one subtype of voltage-gated potassium) channels, such as iberiotoxin and charybdotoxin (ChTX), characterized by a pyroglutamic acid in the N-terminal region, and sharing 60-70% sequence identity (Gimenez-Gallego et al. 1988; Galvez et al. 1990; Vazquez et al. 1990 );
(ii) toxins active on intermediate-conductance Ca 2+ -activated K + channels and voltage-gated K + channels, such as kaliotoxin (KTX) and agitoxin; they share 78-89% sequence identity (Crest et al. 1992; Garcia et al. 1994) ;
(iii) toxins active on voltage-gated K + channels, such as noxiustoxin, margatoxin and CllTX1 (a scorpion toxin from Centruroides limpidus limpidus); they share 64-79% sequence identity (Possani et al. 1982; Garcia-Calvo et al. 1993; Martin et al. 1994) ;
(iv) toxins still active on voltage-gated K + channels, such as maurotoxin, Pi1 (a scorpion toxin from Pandinus imperafor), Pi2 and Pi3; they share 54-64% sequence identity with four pairs of disulphide bonds (Kharrat et al. 1996; Gomez-Lagunas et al. 1996; Olamendi-Portugal et al. 1996) ; (v) toxins active on apamin-sensitive small-conductance Ca 2+ -activated K + (SKCa) channels with high affinity [50% inhibition concentration (IC 50 ) < 1 nM], such as P05 (Zerrouk et al. 1993 ).
The East-Asian scorpion Buthus martensi Karsch (BmK) is widely distributed from northwestern China to Mongolia and Korea. Up to now, eight short-chain K + -channel blockers (BmTX1, BmTX2, BmTX3, BmKTX, BmP01, BmP02, BmP03 and BmP05) have been isolated and characterized from BmK venom (Romi-Lebrun et al. 1997a , 1997b Tong et al. 2000; Xu et al. 2000; Vacher et al. 2001 ). Here we describe the purification, gene organization, and electrophysiological and pharmacological binding characterization of martentoxin, a novel Ca 2+ -activated K + -channel blocker isolated from BmK venom.
Experimental procedures
Purification and biochemical characterization About 0.2 g crude BmK venom (from Jiang-su, China) was dissolved in 1 mL of 2 M acetic acid solution, then centrifuged at 16 000 g for 25 min at 4°C. The supernatant was filtered on a Sephadex G-50 column (2.5 · 120 cm), followed by chromatography on a CM Sephadex C-50 column (2 · 100 cm). The purification was performed by repeated reverse-phase HPLC (Waters Model 510, _ E El Sobrante, CA, USA) with a Cosmosil C 8 column (4.6 · 150 mm, Nakarai Chemicals, Kyoto, Japan) until a single peak was achieved. The purity and molecular weight of the purified component(s) were assessed by a Finnigan LCQ electrospray ion-trap mass spectrometer (Finnigan Corporation, San Jose, CA, USA) coupled with HPLC. Determination of the amino acid sequence was performed by Edman degradation on a protein sequencer (Model 477A, Applied BioSystems, Branchburg, NJ, USA). The pI (Isoelectric Point) of the toxin was calibrated using IEF Standards (Bio-Rad Laboratories, Cambridge, MA, USA). Five-microlitres of the standards and toxin solutions were applied for IEF gels. The gel was stained with Coomassie blue R-250 dye.
Gene cloning
The total RNA and the total genomic DNA of martentoxin were extracted from the scorpion BmK venom glands with Trizol reagent (Promega, Madison, WI, USA) and a Wizard Genomic DNA Purification Kit (Promega, USA), respectively. Five micrograms total RNAs were taken to convert mRNA into cDNA using Superscript II reverse transcriptase (Gibco/BRL, Rockville, MD, USA) and a universal oligo(dT)-adapter primer [5¢-AT-TGAAGCTTACGCGTCGACTATA-(dT) 18 -3¢]. The synthesized cDNAs were used as templates in 3¢ rapid amplification of cDNA ends (RACE) 
was designed corresponding to the N-terminal 1-6 residues (FGLIDV) of mature toxin. The cDNA of mature toxin was amplified using primer 1 and an adapter primer [5¢-ATTGAAGCTTACGCGTCG-ACTATATT-3¢]. PCR was performed on a PE-2400 (Perkin Elmer, Norwalk, CT, USA). Based on the partial sequence determined by 3¢ RACE, the antisense primer was designed and synthesized. The gene-specific primer 2 of martentoxin [5¢-CCCCGCACATTGAT-TATTCT-3¢] corresponded to the 30-34 residues (QNNQC). The first-strand cDNAs synthesized in the previous step were purified on a Glassmax column (Gibco/BRL USA), homopolymeric dC tails were then added to their 3¢ ends by terminal deoxynucleotidyl transferase. The dC-tailed cDNAs were first amplified with primer 2 and an abridged anchor primer [5¢-GGCCACGCGTCGACTAG-TACGGGIIGGGIIGGGIIG-3¢] complementary to the dC tails. To obtain a higher yield of the specific cDNA, the first PCR product was diluted and used as a template for the second PCR amplification, with primer 2 and an abridged universal amplification primer [5¢-GGGCACGCGTCGACTAGTAC-3¢]. The genomic DNA of martentoxin was then amplified with primers designed according to the 5¢ untranslated region (UTR) and 3¢UTR sequence of determined martentoxin cDNA. The forward primer (P3) [5¢-CTACATTTTTCCATACAAGT-3¢] corresponded to the 5¢UTR sequence and the reverse primer (P4) [5¢-TTCACACATCATT-TATTTTA-3¢] corresponded to the 3¢UTR sequence. The amplified PCR fragments were purified and directly ligated into pGEM-T easy Vector (Promega, USA), and then transformed into Escherichia coli DH 5a competent cells. The recombinant DNA containing cDNA or genomic DNA was purified and auto-sequenced on an ABI PRISM 377 DNA sequencer (Perkin Elmer) with T7 primer. At last, three clones gave the same results containing martentoxin cDNA sequence.
Electrophysiological recordings in rat adrenal medulla chromaffin cells Rat adrenal medulla chromaffin cells (RACC) of adult Wistar rats (250-300 g) were prepared as described (Zhou and Misler 1995) . Single cells were obtained after 40 min digestion in the enzyme solution. The cells were cultured with Dulbecco's modified Eagle's medium (DMEM) in a CO 2 incubator. Cells were used in experiments after 1-4 days of culture.
The standard external solution in the bath contained mM: 125 mM NaCl, 2.8 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES (pH 7.4). 0-Ca 2+ solution was the same as the standard solution, except 10 mM Ca 2+ was used to replace the NaCl. The standard internal solution in the patch-pipette contained: 145 mM KCl, 8 mM NaCl, 1 mM MgCl 2 , 10 mM HEPES and 250 lg/mL nystatin (pH 7.2). The application solution was the same as the bath solution, except that the former contained drugs specified below. The voltage gated membrane currents were recorded on a wholecell voltage clamp using the nystatin perforated patch-clamp technique. Experiments were carried out using Axon 200B (Axon Instruments, Foster City, CA, USA) or the PC-2B (INBIO Inc., Wuhan, China) patch-clamp amplifiers using the PCLAMP 8 data acquisition system. Data were analysed using IGOR software (AveMatrix, Lake Oswego, OR, USA). Control/wash solutions and toxins were puffed locally to the cell being recorded via an RCP-2B multichannel microperfusion system (INBIO Inc.), which allowed fast changes of solutions (< 100 ms) by switching electronically between seven solution channels. The 100-lm tip diameter puffer pipette was positioned about 120 lm from the cell. A conductance test using pure water as perfusion solution had determined that the RCP-2B system could ensure that nearly 100% of the solution around the cell under study was from the given application, provided that the application speed was set to 100 lL/min or faster. All electrophysiological recordings were performed at room temperature (22-25°C).
Preparation of rat brain synaptosomes Rat brain synaptosomes were prepared according to the method described by Jia et al. (1999) . Synaptosomes were suspended in a solution containing: 140 mM choline chloride, 1.8 mM CaCl 2 , 5.4 mM KCl, 0.8 mM MgSO 4 , 10 mM D-glucose, and 25 mM HEPES-Tris, the pH was adjusted to 7.4 with 2-amino-2-hydroxymethyl-propan-1,3-diol (Tris) and used immediately for a Biosensor assay. A combination of proteinase inhibitors consisting of phenylmethylsulphonyl fluoride (50 lg/mL), pepstatin A (1 lM), iodoacetamide (1 mM) and 1,10-phenanthroline (1 mM) was present in all buffers used in the procedure. The concentration of the final synaptosome suspension was determined using a Bio-Rad protein assay with bovine serum albumin as a standard.
BIAcore immobilization and analysis
Ligand-receptor interaction studies and competitive binding assays were performed using a Pharmacia BIAcore instrument. The carboxylmethyl dextran matrix of CM5 research-grade sensor chips was activated using a 40-lL injection of a 1 : 1 (v/v) mixture of 400 mM N-ethyl-N-(dimethylaminepropyl)-carbodiimide and 100 mM N-hydroxysuccimide (Pharmacia, Uppsala, Sweden). Martentoxin was immobilized onto the sensor chip by injecting 30 lL of a 200-lg/mL solution in 10 mM sodium acetate (pH 8.5) at a flow rate of 6 lL/min in HEPES-buffered saline (150 mM NaCl, 3.5 mM EDTA, 0.05% BIAcore surfactant p-20 and 10 mM HEPES, pH 7.4). The unreacted N-hydroxysuccinimide ester groups were quenched by an injection of 50 lL of 1 M ethanolamine hydrochloride (pH 8.0, Pharmacia).
The binding assay was performed by injecting rat brain synaptosomes over immobilized martentoxin with a series of concentrations. Martentoxin, toosendanin (TSN), ChTX, BmP03 and apamin were preincubated with rat brain synaptosomes at 37°C for 30 min, and then injected over the sensor chip to undertake the competitive binding assay. All reaction procedures were carried out in running buffer: 140 mM choline chloride, 1.8 mM CaCl 2 , 5.4 mM KCl, 0.8 mM MgSO 4 , 25 mM HEPES and 10 mM glucose at a flow rate of 5 lL/min at 20°C.
All experiments conformed to the National Institutes of Health guidelines on the ethical use of animals. Every effort was made to minimize the animals' suffering and to reduce the number of animals used.
Results

Purification and biochemical characterization of martentoxin
The supernatant of BmK venom was isolated into at least five fractions on a Sephadex G-50 column (Fig. 1a) . Fraction 4 was further separated into five subfractions on a CM-Sephadex C-50 column (Fig. 1b) . Subfraction 4-7 was purified by reverse-phase HPLC. Finally, subfraction 4-7-0, a polypeptide component named as martentoxin was obtained as shown in Fig. 1(c) . The purity of martentoxin was confirmed as a unique peak with the precise molecular weight 4060 Da on mass spectroscopy (Fig. 1d) . The pI of martentoxin was calibrated to be 9.5 (also shown in Fig. 1d ). Native martentoxin was sequenced automatically from the N terminus to position 26 with ambiguous identification of position 8, 14 and 18 where Cys residues were located as shown in Fig. 2 .
Primary structure and genomic organization of martentoxin The whole cDNA sequence of martentoxin was completed by overlapping 3¢ and 5¢ RACE results. We tentatively assigned the initiating Met () 22) to the first ATG downstream of a nonsense codon found in frame (TAA immediately after the P3 sequence). The purine residue (A 3 nucleotides upstream of the ATG triplet) agreed with the Kozak sequence. The open reading frame (ORF) containing 177 bp encoded a precursor of 59 amino acid residues, including a signal peptide of 22 residues and a mature toxin (martentoxin) of 37 residues. A polyadenylation signal (AATAAA) was located downstream from the stop codon (TGA). The genomic DNA sequence was directly obtained by PCR using P3 and P4 as primers, corresponding to the 5¢ and 3¢ UTR regions of the cDNA, respectively (Fig. 2) . Finally, three clones gave the same results containing martentoxin cDNA sequence.
Two introns were found in genomic DNA: one was located in the 5¢ UTR region with 83 bp extending from ) 104 to ) 22 bases upstream of the start codon (ATG); the other intron was 91 bp long and disrupted two exons at the C-terminal part of the signal peptide, after the first base of a serine codon at position-6 (Fig. 2) .
Sequence comparison of martentoxin with other K + -channel blockers By sequence comparison with VNTISUITE 5.5 BIOSOFTWARE (Informax, Bethesda, MD, USA), martentoxin showed a poor sequential similarity (35-50%) with those toxins in ChTX and KTX groups including BmTX1, BmTX2, BmTX3 and BmKTX from the same venom, but a high sequential identity (73% and 75.7%) with two other toxins, named as tamulotoxin (TmTX) and Lqh15-1 (Marshall et al. 1994; Escoubas 1997) (Fig. 3) . Figure 4(a) shows the patch-clamp recordings of BKCa currents in RACC. The outward current evoked at 80 mV was preceded by a 100-ms and 0-mV depolarization. The current in a bath containing 10 mM Ca 2+ was larger than that in a 0-Ca 2+ bath, because there was Ca 2+ influx through voltage-dependent Ca 2+ channels during the 0-mV depolarization, which activated BKCa channels during the following 80-mV depolarization. The residual outward current in a 0-Ca 2+ bath was the Ca 2+ -independent K + current. The currents activated in the 10-mM Ca 2+ bath were nearly pure BKCa currents, activated by the Ca 2+ influx through Ca 2+ channels during the 100-ms depolarization prepulse. Thus, BKCa currents could be recorded using the 10-mM Ca 2+ protocol as shown in Fig. 4(a) . About 60% (average 57 ± 3%) of the total BKCa currents in RACC could be blocked by both 100 nM martentoxin (Fig. 4b , n ¼ 9) and ChTX (Fig. 4c) . Martentoxin, however, seemed much more easily washed out than ChTX, which is only partially separated after washing. The IC 50 of martentoxin on BKCa channels in RACC was assessed to be 21 nM according to the dose-response curve (Fig. 4d) . The Hill coefficient was 0.99. Figure 5 (a) illustrates the effect of martentoxin (100 nM) on currents activated by depolarizing pulses in RACC. The initial downward and transient currents were contributed by voltage-gated Na + channels, which were intact with martentoxin. Neither voltage-gated Ca 2+ -independent outward K + channels nor Ca 2+ channels interact with martentoxin (data not shown). Figure 5(b) plots the peak outward current as a function of voltage obtained from the traces in Fig. 5(a) . When the bath solution contained 2 mM Ca 2+ , the currentvoltage curve exhibited a pronounced N-shape. When Ca was removed from the bath, most of the outward current disappeared and the N-shape in the current-voltage curve was removed. The N-shape therefore represents the Ca 2+ -dependent K + current. Martentoxin blocks about 60% of the N-shape (n ¼ 9). To examine the possible contamination of the SKCa, 200 nM apamin was added to the martentoxin puffing solution. The results indicated that there was no apparent difference between current-voltage curves in the presence and absence of apamin (n ¼ 6, data not shown). The results indicated that the majority of Ca 2+ -sensitive currents blocked by martentoxin were BKCa currents, which is consistent with the conclusion that SKCa makes only a minor contribution in the protocol (Neely and Lingle 1992) .
Electrophysiological effect of martentoxin
Figure 6(a) shows that 140 nM martentoxin blocked nearly the same amount of BKCa currents as 100 nM ChTX; a 30-second wash could remove the blocking of martentoxin completely; and a 150-second wash could remove only 70% of ChTX blocking. The faster washing for martentoxin was better shown by the time-course of BKCa currents (Fig. 6b) . The time constant of wash-induced deactivation for martentoxin was 9 seconds, but for ChTX it was 43 s, about 5 times faster than that of ChTX.
The binding kinetics of martentoxin on rat brain synaptosomes The binding signal of immobilized martentoxin with rat synaptosomes was monitored as resonance units (RU), which are directly proportional to the mass bound to the chip. Martentoxin immobilized to the sensor chip surface was 350 RU. The kinetics of the martentoxin binding assay were determined by injecting various concentrations of rat synaptosomes (38.1-131 lg/mL). The rat brain synaptosomes could be bound to the chip rapidly depending on the concentration gradient. Passing running buffer over the chip permitted us to monitor the first-order dissociation of synaptosomes from immobilized martentoxin. The kinetics Fig. 2 The determination of martentoxin structure. The precursor amino acid sequence deduced from cDNA. The N-terminal partial amino acid sequence (26 residues) determined by Edman degradation. The exons and introns are, respectively, written in capital and small letters. The mature peptide residues are in bold. P1 and P2 for 3¢ and 5¢ RACE are underlined; P3 and P4 for genomic DNA amplification are indicated by a dotted line. The potential polyadenylation signal of aataaa is double underlined. SP, signal peptide; MP, mature peptide.
of the martentoxin binding assay is shown in Fig. 7 . The association and dissociation rates were assessed to be 1.67 · 10 , respectively, according to the BIA EVALUATION 3.1 software package analysis as shown in Table 1 .
Competitive binding of martentoxin with different K + -channel blockers
Below a concentration of 5.0 · 10 )6 M, martentoxin binding on the rat brain synaptosomes was inhibited by TSN, ChTX, apamin and BmP03. Native martentoxin preincubated with the synaptosomes was presented as the positive control. An equal quantity of rat brain synaptosomes (71.5 lg/mL) was injected as a negative control with the binding of 240 RU. The RU percentage of inhibition revealed that 75.26% binding of immobilized martentoxin could be inhibited by native toxins. TSN and ChTX could inhibit the binding of martentoxin significantly, by up to 50.80% and 41.16%, respectively. However, little inhibition was found by BmP03 and apamin, with the inhibition percentage of only 19.72% and 11.35%, respectively.
The dynamic inhibitory curve of TSN, ChTX, apamin and BmP03 on martentoxin binding on rat brain synaptosomes is shown in Fig. 8 . As the concentration of the employed K + channel blockers varied from 5.0 · 10 )9 M to 5.0 · 10
the binding could be strongly inhibited by TSN gradually, by ChTX in a parallel with native martentoxin, but not by BmP03 or apamin.
Discussion
Martentoxin is a new member of the scorpion toxin family The genomic DNA of various scorpion toxins targeting either the Na + or K + channel has been found to comprise two exons and one intron inserted in the region encoding the signal peptide (Froy et al. 1999) . In this study, another intron (intron1) is found unexpectedly to be located in the 5¢ UTR of martentoxin gene (Fig. 2) . It begins with GT and ends with AG. Its A + T content is particularly high (up to 85.5%). These features are consistent with intron2 and the previously reported introns. The 5¢ splice donor sequences of intron1 and intron2 are both the 5¢-G|GTAAG that is conserved in the genes of other scorpion toxins specific for K + channels, such as KTX2, BmP01, BmP03, BmP05 and BmTX2 (Legros et al. 1997; Wu et al. 1999; Zeng et al. 2001) . The 3¢ splice acceptor sequences are 5¢-TAAAG|C and 5¢-TCTAG|G, respectively, which seems to differ in genes of all scorpion toxins acting on K + channels. The intron1 here may regulate the toxin's translation by forming some secondary structures. For example, the fragments of [5¢-T 33 AAAATT 39 -3¢] and [5¢-A 46 ATTTTA 52 -3¢] downstream from the 5¢ boundary might form a hairpin structure, which would delay the arrival of scanning ribosomes at the initial ATG codon. Therefore, martentoxin might be inefficiently produced from the transcripts, which would explain its low level in the venom. The detection of the intron in 5¢ UTR (Fig. 2) and the poor sequence homology of martentoxin with other scorpion toxins specific for K + channels might be structural evidence that martentoxin is a novel peptide in the scorpion toxin family. As shown in the phylogenetic toxin tree (Fig. 3) , martentoxin is identified as a new member of a subfamily including Lqh15-1 and TmTX.
Phe-2 has been deduced to be the most important residue for ChTX sensitivity to BKCa channels (Miller 1995) . Despite the poor sequence similarity between martentoxin and ChTX (39.5%), an extra residue Phe is found to shift to the first position at the N-terminal of martentoxin, which may play the same role as, or at least partially overlap with the function of, Phe-2 in ChTX. This deduction is supported by the biosensor competitive binding assay (Fig. 8) and electrophysiological recordings on RACC (Figs 4, 5 and 6). In contrast, two known toxins, Lqh15-1 and TmTX, sharing high-sequence identity with martentoxin only, were found to both lack a Phe in the N terminus (Fig. 3) . Significantly, Lqh15-1 seemed to be ineffective at BKCa channels even at applied doses up to 300 nM (Marshall et al. 1994) . On the other hand, detailed analysis of the effects of mutations and the determination of the three-dimensional structure of ChTX allowed the crucial residues and the interacting surface to be identified, giving a functional map of the toxin. Lys-27 was the central residue of the surface, and Arg-25, Arg-34 on the Fig. 3 Unrooted phylogenetic tree of martentoxin and some other K + channel blockers from scorpion venoms. The phylogenetic tree was determined by amino acid sequence, analysed and exported using ALIGNX, a component of the VECTOR NTI 5.5 software suite. AgTX1 (agitoxins), ChTX (charybdotoxin) and Lqh15-1 were purified from Leiurus quinquestriatus var. hebraeus; BmTX1, BmTX2 and BmKTX were purified from Buthus martensi Karsch; CllTX1 was purified from Centruroides limpidus limpidus; NTX (noxiustoxin) from Centruroides noxius Hoffmann; LbTX (limbatotoxin) from Centruroides limbatus; IbTX (iberiotoxin) and TmTX (tamulotoxin) from Buthus tamulus; KTX (kaliotoxin) from Androctonus mauretanicus mauretanicus; MgTX (margatoxin) from Centruroides margaritatus.
same face of the molecule. Maintenance of the positive charges on positions 25, 29 and 35 was deemed to be important for binding of ChTX to BKCa channels. Met-29 and Asn-30, projecting side chains off the second and third strands of the b-sheet, could also influence the binding of ChTX (Park and Miller 1992; Stampe et al. 1992 Stampe et al. , 1994 . Lys-27 was found to be homologous in ChTX and martentoxin, but Arg-25 and Met-29 in ChTX were substituted by Gln-26 and Gln-30, respectively, in martentoxin (Fig. 3) . Arg-25/Gln-26 substitution can result in loss of a positive charge and Met-29/Gln-30 substitution can alter the hydrophobicity in the b-sheet region (b 2 and b 3 strands). Thus, the natural mutation of the positions Arg-25/Gln-26 and Met-29/ Gln-30 between ChTX and martentoxin might be important for the capacity of these two molecules to bind to BKCa channels. As a result, martentoxin was shown to block BKCa currents with 77% potency of ChTX on RACC. Thus, martentoxin may partially share its function with that of ChTX, and also partially with that of Lqh15-1 as the function of both toxins is currently unclear.
Binding properties of martentoxin to K + channels The blocking mechanism of almost all the short-chain scorpion toxins, which are K + -channel-specific blockers, has been demonstrated to be a physical occlusion in the pore of the K + channels. In this study, martentoxin can quickly associate with K + channels on rat brain synaptosomes. The binding is reversible and the dissociation is complete. In contrast, BmK AS-1, a long-chain scorpion toxin deemed to be a voltage-gated Na + -channel modulator, bound to rat brain synaptosomes in a slow and gradually upward phase by biosensor assay, but dissociated incompletely (Jia et al. 1999) . The Hill coefficient of martentoxin on BKCa channels is 0.99, indicating a single binding site between the toxin and BKCa channels. This suggests that martentoxin binds to K + channels in a similar manner to other known short-chain scorpion toxins.
TSN, a hydrophobic liposoluble triterpenoid with FW (formula weight) of 574, has been extensively investigated and found to be a presynaptic blocker with inhibitory effects on almost all kinds of K + channels (Wang and Shi 2001a , 2001b). However, the inhibitory mechanism of TSN on K + channels is still ambiguous. A biosensor binding assay found that TSN could strongly inhibit the binding of immobilized martentoxin on rat brain synaptosomes (50.8%) as shown in Fig. 8 . This implies that martentoxin-sensitive channels in rat brain synaptosomes could be targeted by TSN. Apamin is a specific blocker with high selectivity to SKCa channels. Electrophysiological recordings and competitive binding assays in these experiments indicate that the SKCa channel is insensitive to martentoxin.
BmP03 is a peptide from BmK venom with a selective blocking effect on transient outward K + channels on rat ventricular myocyte . Lack of effect for BmP03 on martentoxin binding with rat brain synaptosomes (Fig. 8) suggests that either martentoxin does not target transient outward K + channels or the abundance of BmP03-sensitive K + channels is low in rat brain synaptosomes.
Martentoxin defines BKCa subtypes
BKCa channels exist as a complex of two different subunits, the pore-forming a subunit and a b regulatory subunit (Cecilia et al. 1998) . The a subunit of BKCa channels is encoded by a single gene slowpoke (slo). Alternative splicing of the slo RNA, heteromeric assembly with other subunits and modification by phosphorylation/dephosphorylation and oxidation/reduction may be mechanisms that alter slo channel properties. Additionally, accessory b subunits of BKCa are found to be a means of generating channel diversity (Brenner et al. 2000) . A novel splice isoform of hSlo, the gene that encodes the a subunits of human BKCa channels, has recently been characterized in human glioma cells (Liu et al. 2002) . BKCa channels are normally believed to be tetraethylammonium (TEA)-sensitive and some subtypes of BKCa channels are targets of ChTX (Pankaj 1996) . The inhibition curve of ChTX to martentoxin binding on rat brain synaptosomes is considerably lower than that of native martentoxin with a parallel state (Fig. 8) , The gap between the two curves indicates that martentoxin might occupy alternative channels besides those shared with ChTX on rat brain synaptosomes. On the other hand, the association (about 1.67 · 10 ) rate constants of martentoxin binding , respectively). Meanwhile, the affinity of martentoxin on rat brain synaptosomes (K d ¼ 4.72 · 10 )10 M) is assessed to be lower (Vazquez et al. 1990 ). Despite the fact that studies in RACC show good correlation between the K d of martentoxin and that of ChTX, this obviously conflicts with the dissociation status between martentoxin and ChTX binding on rat brain synaptosomes (Fig. 6 ). How can these contrary results be interpreted? It is possible that martentoxin defines BKCa subtypes. Namely, martentoxin is capable of plugging both ChTX-sensitive and ChTX-insensitive BKCa channels in both rat brain synaptosomes and RACCs. The binding of martentoxin to ChTXsensitive BKCa channels might be at low affinity while that to ChTX-insensitive BKCa channels might be at high affinity. The presence of b subunits has been proved to contribute to the formation of the toxin receptor affecting ChTX binding to BKCa channels (Hanner et al. 1997 (Hanner et al. , 1998 . Thus it may . Both activation and washinduced deactivation were much faster for martentoxin than ChTX. The application of both toxins was stopped only after saturation of the blocking effect. Fig. 7 BIAcore analysis of immobilized martentoxin binding to rat brain synaptosomes. Sensorgram overlays of various concentrations of synaptosome (38.1-131 lg/mL) injected over immobilized martentoxin are shown here. Martentoxin immobilized onto CM5 sensor chip as described in Materials and methods. Solution of synaptosome at the indicated concentrations in binding buffer was injected over immobilized martentoxin. To completely dissociate bound proteins, the sensor chip was regenerated with 0.1 M NaOH. These conditions allow for > 95% retention of the original binding activity to the immobilized martentoxin. Data were analyzed using the BIAEVALUATION 3.1 software package.
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be further inferred that the diversity between ChTX-sensitive and ChTX-insensitive BKCa channels results from various b subunits. These findings necessitate the classification of BKCa, which will be convenient for further studies of both the diversity of K + channels and the binding properties of various toxins specific for K + channels. With this aim, new findings of the advantages of martentoxin's specificity and reversibility might provide a useful probe to facilitate the characterization of the composition, and electrical and biochemical signalling of K + channels.
